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We report first-principles calculations that clarify atomic structures and coverage of the metallic
phases of In overlayers on Si (111) surfaces. Calculated energy bands and scanning tunneling
microscopy images along with the obtained energetics of various phases reveal that the two metallic
phases with the
√
7 ×
√
3 periodicity observed experimentally are single and double In overlayers,
as opposed to prevailing assignments.
PACS numbers: 68.43.Bc, 73.20.At, 74.78.-w
Surfaces ubiquitous in nature provide new phases of
materials due to symmetry breaking and modification of
interactions among constituting elements. A thin layer
of metallic elements on a semiconductor surface is an
example. It offers a good stage to study two-dimensional
electron systems (2DESs), and also a key structure in
device fabrication in current technology encountered with
the cutting-edge miniaturization [1].
Indium adatom layers on Si(111) surfaces are typi-
cal and important examples. A particular phase with
the lateral periodicity of
√
7 ×
√
3 exhibits metallic be-
havior down to several K [2], as opposed to the metal-
insulator transition predicted for the 2DESs [3, 4], and
eventually becomes superconducting at 3 K [5, 6]. This
is the first case where superconductivity is found in
a deposited layer. Angle-resolved photoemission spec-
troscopy (ARPES) clarifies the band structure of the
metallic phase of the
√
7 ×
√
3 surface [7]. However,
atom-scale identification, i.e., the In coverage, the sta-
ble atomic structure and the resultant electron states, of
the metallic phase is still lacking.
Various surface reconstructions emerge by depositing
In atoms on the Si(111) 7 × 7 surface [8], followed by an-
nealing at ∼ 500 ◦C in ultra-high vacuum: The
√
3×
√
3,
the
√
31 ×
√
31, and the 4 × 1 phases appear consecu-
tively with increasing the In dose, all showing insulating
behavior at low temperature [9, 10]. Then the
√
7 ×
√
3
phase [11] appears with the In deposition of 1.5 - 1.8 ML.
The STM topographs [9, 11] show that the two distinc-
tive structures coexist on the
√
7 ×
√
3 phase: Bright
spots appear in a quasi-hexagonal pattern with protrud-
ing trimers in one structure (hex structure hereafter), and
they appear in a quasi-rectangular pattern in the other
structure (rect structure). The former and the latter have
been speculated to be 1.0 ML and 1.2 ML, respectively,
In adatoms on the Si(111) surface [9, 11]. The excess
In atoms are desorbed from the surface in the annealing.
The metallic behavior [2, 7] and the superconducting gap
[5] have been observed on the rect structure, whereas the
metallic behavior and the superconducting current has
been measured on the hex structure [6]. Identification
of the hex and the rect structures based on the first-
principles calculations is highly demanded.
In this Letter, we unequivocally identify the two metal-
lic phases of
√
7 ×
√
3 - In/Si(111) by performing total-
energy electronic-structure calculations in the density-
functional theory. The obtained energetics, energy bands
and scanning tunneling microscopy (STM) images are in-
dicative that the surface measured by ARPES is of the
rect structure and is the 2.4 monolayer (ML) In atomic
layers, in sharp contrast to the possibilities discussed in
the past. The hex structure, on the other hand, is clearly
identified as the 1.2 ML In atomic layers. We have found
that the both structures are metallic.
Our calculations have been performed with using the
local density approximation (LDA) [12] in the density
functional theory (DFT) [13, 14]. Norm-conserving pseu-
dopotentials [15, 16] are used to describe the electron-ion
interactions. Valence-state Kohn-Sham (KS) wave func-
tions are expanded by a plane-wave basis set with the
cut-off energy of 49 Ryd. The In-covered Si(111) surface
is simulated by a repeated slab model. Geometry opti-
mization is done until the remaining force on each atom
becomes less than 50 meV / A˚[17].
We start with the 1.0 ML In on Si(111) in which there
are 5 In atoms per
√
7 ×
√
3 lateral cell. This has been
postulated to be the hex structure observed by STM.
We prepare several initial geometries where In atoms are
located at plausible positions in the cell, and perform ge-
ometry optimizations. We have then reached the most
stable structure in which the
√
7×
√
3 periodicity disap-
pears and the 1 × 1 periodicity comes up instead [Fig.
1(a)]. The next stable structure keeps the
√
7 ×
√
3 pe-
riodicity, but its total energy is higher than the most
stable structure by 50 meV per 1 × 1 area. Figure 1(b)
shows the energy bands of the most stable structure. Hy-
bridization of In orbitals with Si dangling-bond orbitals
leads to a non-metallic band structure with the energy
gap of ∼ 50 meV. The hex surface identified by the STM
experiment is known to be metallic, however [6]. We thus
conclude that the In 1.0 ML surface is not the observed√
7×
√
3-hex structure.
We next examine the 1.2 ML In on the Si(111), which
has been postulated to be the rect structure observed by
STM. The number of In atoms is 6 per cell. In the ob-
tained stable geometry, the 3 In atoms are located above
2FIG. 1: (color online) (a) Top and side views of the stable
structure of the 1.0 ML In surface. Pink (large) and silver
(small) balls depict In and Si atoms, respectively. Only the
In atoms in the shaded region of the top view are shown in the
side view. (b) Band structure with the lateral Brillouin zone
corresponding to the
√
7 ×
√
3 lateral cell. The Kohn-Sham
(KS) electron states which have the character of In orbitals
more than 50 % are depicted by green (bold) lines.
FIG. 2: (color online) Top and side views of the stable struc-
ture for the 1.2 ML In surface. Pink (large) and silver (small)
balls show In and Si atoms, respectively. (b) Calculated STM
image. Dotted circles are guides for eye, showing bright spots.
Trimers come from upper In atoms labeled as I, II, and III.
The In atoms labeled as ∗ become invisible in the STM image.
the top-layer Si atoms, whereas others lack the partner
Si atoms, leading to a corrugation of the In layer as large
as 0.4 A˚ [Fig. 2(a)]. The corrugartion is indeed observed
by STM for both the hex and the rect structures [11].
Figure 2(b) shows the calculated STM image of the
1.2 ML In on Si(111) [18]. We clearly observe bright
trimers which reflect the electron density from the upper
3 In atoms in the corrugated structure. The corrugation
also makes certain In atoms, labeled as ∗ in Fig. 2(a)
sink to the Si surface and invisible in the STM image.
Then the calculated STM image shows 5, not 6, bright
spots with a prominent trimer in the
√
7×
√
3 cell. This
feature is exactly what is observed experimentally for the
hex structure. We thus naturally conclude that the hex
structure is the 1.2 ML In on Si(111), as opposed to the
FIG. 3: (color online) Energy bands (a) and Fermi lines (b)
of the 1.2 ML In surface. The KS electron states which have
the character of In orbitals more than 50 % are depicted by
green (bold) lines. The Fermi level EF is set to be 0. (c)
Isosurface of the squared absolute values of the KS orbitals
on the Fermi level, at 10 % of the maximum.
previous assignment to the 1.0 ML In on Si(111).
Figure 3 shows calculated energy bands (a) and Fermi
lines (b) of the 1.2 ML In surface. We find that the band
structure has a metallic character with several bands
crossing the Fermi level EF. Two of them, shown by red
(thin) lines in Fig. 3(a), have a character of the top of the
Si valence bands, and the others, shown by green (bold)
lines in Fig. 3(a), are of In characters. The correspond-
ing wave functions are shown in Fig. 3(c). The calcu-
lated energy bands are qualitatively different from those
determined by ARPES experiment for the rect structure
(Fig. 2(c) in Ref. [7]). This clearly indicates that the rect
structure which has been investigated by the ARPES and
is also assumed to be responsible for the electron trans-
port at low temperature [2, 5] is not the 1.2 ML In on
Si(111).
Then, what is the identity of the rect structure? We
now argue that it is a double layer In atoms on Si(111)
with the coverage of 2.4 ML. Figure 4(a) shows the most
stable structure of the 2.4 ML In on Si(111). The number
of In atoms per
√
7×
√
3 cell is 12, of which 6 are in the
top In layer and the other 6 are in the second In layer.
This arrangement is akin to that on the (001) face of
the body centered tetragonal In crystal. The calculated
amount of the corrugation in the top In layer is 0.1 A˚,
which is substantially smaller than the value calculated
for the stable 1.2 ML In structure (0.4 A˚). It is of note
that, in the STM measurements, the corrugation in the
3FIG. 4: (color online) (a) Top and side views of the stable
structure of 2.4 ML In surface. Red and pink balls are In
atoms in the top and the 2nd layers, respectively, and silvers
are Si atoms. (b) Calculated STM image. Dotted circles are
guides for eyes showing bright spots.
FIG. 5: (color online) Energy bands (a) and Fermi lines (b)
of the 2.4 ML In surface. The KS electron states which have
the character of In orbitals more than 50 % are depicted by
green (bold) lines.
rect structure is smaller than that in the hex structure.
Figure 4(b) is the STM image calculated for the most
stable structure of the 2.4 ML In on Si(111). We observe
a clear rectangular arrangement of bright spots, which
correspond to the positions of the top-layer In atoms. We
find that the calculated STM image is essentially identi-
cal to the experimental one for the rect structure, which
has been incorrectly assigned to the 1.2 ML In on Si(111)
in the past.
Figure 5 shows calculated energy bands (a) and Fermi
lines (b) for the stable 2.4 ML In surface. Several bands
cross the Fermi level EF, showing a metallic nature. In-
terestingly, the states at EF dominantly consist of In or-
bitals (Fig. 6), inferring that two-dimensional In metal
is formed on Si(111). In Fig. 5(b), we find several dis-
tinctive Fermi lines: the first line is located near Γ point
forming a square shape around Γ; the second line ex-
tends to Γ-Y direction forming a bow shape; the third
line is around Y point extending to Γ-X direction; the
FIG. 6: (color online) Isosurface of the squared absolute val-
ues of the KS orbitals on the Fermi level EF of the 2.4 ML In
surface, at 15 % of maximum.
forth line exists around X point extending to Γ-Y direc-
tion and forming a butterfly shape.
The presence of the first, the second and the third
lines may be understood qualitatively in terms of a two-
dimensional nearly-free-electron model [7]. However, the
presence of the forth line, or equivalently the presence
of S4 band in Fig. 5(a), is unable to be explained by
the simple model. Even for the first, the second and
the third lines, the interaction between In and Si orbitals
modifies the dispersion of the energy bands substantially.
Rotenberg [7] reported ARPES data for the rect struc-
ture. The energy bands determined by ARPES show the
presence of the nearly-free-electron bands and also other
bands which are unable to be explained in the simple
model (S1, S2 and S3 in Fig. 2(c) of Ref. [7]). Our
calculations have reproduced these unidentified energy
bands, and clarified that they are In states mixed with
Si dangling-bond states [see S3 in Fig. 6]. Agreement
of our energy bands and Fermi lines with the experimen-
tal ones is excellent [19]. From these electronic structures
along with the STM images explained above, we conclude
that the observed rect structure is the double-layer In on
Si(111) with the coverage of 2.4 ML.
Our argument above is corroborated by the energet-
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FIG. 7: (color online) Surface energy of a single-layer (1.2ML)
In on Si(111), F ss , and that of a double-layer (2.4ML) In on
Si(111), F ds , as a function of the In chemical potential µIn. In
vapor pressure at 500 ◦C corresponding to the value of µIn is
also shown.
ics obtained in the present calculations. Figure 7 shows
the surface energy defined by Fs ≡ Et − FHs − µInNIn −
µSiNSi−µHNH as a function of the In chemical potential
µIn. Here Et is the total energy of the slab, F
H
s is the
surface energy of the H-terminated surface, and µ and N
are the chemical potential and the number of atoms in
the slab, respectively, of the corresponding elements [20].
We compare the surface energies of the single-layer (1.2
ML) In, F ss , and the double-layer (2.4 ML) In, F
d
s . The
In chemical potential µIn is taken between the values of
the bulk In metal and of the atomic In (µIn−atom), as the
source of In to form the surfaces during the annealing
in ultra-high vacuum condition is presumably various In
clusters deposited on the Si surface. In case that the sur-
face is in equilibrium with the In gas phase, the In chem-
ical potential is translated to the In pressure at certain
temperature, which is also shown in Fig. 7. The result
shows that for any value of µIn within this range, the
double-layer (2.4 ML) In is energetically favorable. How-
ever, in the experiments, the amount of the deposited In
is reportedly 1.5 - 1.8 ML when
√
7 ×
√
3 surfaces are
made, which is less than 2.4 ML and more than 1.2 ML.
Thus, it is expected that obtained surface is a patchwork
of the both structures. This corresponds to the observed
coexistence of the hex and the rect structures in the ex-
periments [9, 11].
We finally discuss the identity of the superconducting
phase. We have revealed that both 1.2 ML and 2.4 ML
In-covered surfaces are stable with the
√
7 ×
√
3 period-
icity and show the metallic behaviors. The characters of
the metallic states are different for the two cases, how-
ever: In the 1.2 ML case, both of the Si valence top
states and the In orbital states are on the Fermi level
[Fig. 3(c)], whereas in the 2.4 ML case the Fermi level
states are dominantly of In orbitals (Fig. 6). As for the
identification of the superconducting phase, controversial
experiments are reported [5, 6]. Considering that the su-
perconducting transition temperature of In layers (Tc ∼
3 K) is close to that in the In bulk (Tc = 3.4 K), it is likely
that the superconducting phase is the rect structure, i.e.,
the double-layer In on Si(111) with 2.4 ML coverage, in
which carriers are dominantly of In character. However,
it cannot be excluded that the hex structure becomes
superconducting with the transition temperature being
accidentally the same as the bulk value.
In conclusion, we have calculated the atomic and elec-
tronic structures of the
√
7 ×
√
3-In/Si(111) surfaces by
first-principles calculations based on the DFT. Calcu-
lated band dispersions, STM images, and energetics iden-
tify the
√
7 ×
√
3-hex and the
√
7 ×
√
3-rect surfaces as
1.2 ML In and 2.4 ML In on Si(111), respectively.
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